Free choice of splitting ratio is one of the main properties of a power splitter required in integrated photonics, but conventional multimode interference (MMI) power splitters can only obtain a few discrete ratios. This Letter presents both numerical and experimental results of an arbitrary-ratio 1 × 2 MMI power splitter, which is constructed by simply breaking the symmetry of the multimode region. In the new device, the power splitting ratio can be adjusted continuously from 100∶0 to 50∶50, while the dimension of the multimode section stays in the range of 1.5 × 1.8-2.8 μm. The experimental data also indicate that the proposed arbitrary-ratio splitter keeps the original advantages of MMI devices, such as low excess loss, weak wavelength dependence, and large fabrication tolerance. [5, 6] , and ladder-type optical filters [7] . However, the conventional MMI power splitter with two output ports can only obtain splitting ratios of 100∶0, 85∶15, 72∶28, and 50∶50 through adjusting the position of input and output ports [8, 9] . Several methods have been reported aiming at an arbitrary-ratio MMI power splitter, such as butterfly-like MMI splitters [10] , bent MMI splitters [11, 12] , MMI with computer-generated planar holograms [13, 14] , cascaded MMI couplers with unequal width [15] [16] [17] , MMI splitter with cladding-filled gap [18] , and multiple-arm MZI consisting of an active phase-shifting region placed between two MMI couplers [19] . However, all these methods suffer from relatively complex structures and large footprints. In this Letter, we propose and experimentally demonstrate a compact arbitrary-ratio 1 × 2 power splitter based on a simple asymmetric MMI structure. The schematic of the conventional symmetric 1 × 2 MMI power splitter is shown in Fig. 1(a) . TE-polarized light is, through the single-mode input waveguide (WG in ), transmitted to the multimode region, where MMI is excited. Then, the light is tapered into two single-mode output waveguides (WG up and WG bot ) symmetrically at the first two-fold image distance. Due to the structural symmetry, the splitter only allows uniform split of the incident light into two output waveguides, as indicated in the energy flux density Even though these corners contain little optical field, removing one of them will break the symmetry of interference, in accordance with the self-imaging principle [20] . Such asymmetric MMI, excited by asymmetric perturbation in the multimode region, will have a significantly different optical field distribution.
Recently, integrated photonics has attracted considerable attention for its complementary functions and compatible fabrication process with integrated electronics [1] . A power splitter is an essential component for integrated functional photonics systems. A multimode interference (MMI) power splitter plays an important role in the development of integrated photonics due to large fabrication tolerance, wide operation bandwidth, and compact size [2] . Free choice of power splitting ratio is one of the important properties for the applications of photonic integrated circuits (PICs), such as a nanophotonic phased array [3] , an optical power tap [4] , an asymmetric Mach-Zehnder interferometer (MZI) [5, 6] , and ladder-type optical filters [7] . However, the conventional MMI power splitter with two output ports can only obtain splitting ratios of 100∶0, 85∶15, 72∶28, and 50∶50 through adjusting the position of input and output ports [8, 9] . Several methods have been reported aiming at an arbitrary-ratio MMI power splitter, such as butterfly-like MMI splitters [10] , bent MMI splitters [11, 12] , MMI with computer-generated planar holograms [13, 14] , cascaded MMI couplers with unequal width [15] [16] [17] , MMI splitter with cladding-filled gap [18] , and multiple-arm MZI consisting of an active phase-shifting region placed between two MMI couplers [19] . However, all these methods suffer from relatively complex structures and large footprints. In this Letter, we propose and experimentally demonstrate a compact arbitrary-ratio 1 × 2 power splitter based on a simple asymmetric MMI structure.
The schematic of the conventional symmetric 1 × 2 MMI power splitter is shown in Fig. 1(a) . TE-polarized light is, through the single-mode input waveguide (WG in ), transmitted to the multimode region, where MMI is excited. Then, the light is tapered into two single-mode output waveguides (WG up and WG bot ) symmetrically at the first two-fold image distance. Due to the structural symmetry, the splitter only allows uniform split of the incident light into two output waveguides, as indicated in the energy flux density Even though these corners contain little optical field, removing one of them will break the symmetry of interference, in accordance with the self-imaging principle [20] . Such asymmetric MMI, excited by asymmetric perturbation in the multimode region, will have a significantly different optical field distribution.
The proposed asymmetric MMI power splitter is shown in Fig. 1(b) . Compared to the conventional symmetric power splitter, the only difference is that the symmetry of the multimode region is broken by removing its bottom left corner (marked with a red dashed rectangle). Such a minor structural change causes a dramatic redistribution of the optical field [Figs. 1(e), 1(f), 1(i), and 1(j)]. If the output waveguides are also located at the position of the first two-fold image, the power output from WG up will be greater than that from WG bot as shown in Figs. 1(f) and 1(j). Furthermore, the unevenness of this power splitting will increase as the removed rectangle becomes longer [the width keeps constant, Fig. 1(k) ]. Based on these phenomena, the arbitrary-ratio power splitter can be obtained by adjusting the dimension of the removed region.
Prototype devices were fabricated on silicon-oninsulator (SOI) wafers, with 220 nm top silicon and 2 μm thick buried oxide by electron-beam lithography, followed by inductively coupled plasma etching. The top view of the device is shown in the scanning electron microscope (SEM) image [ Fig. 2(a) ]; a rectangle of 400 nm in width (W r ) and variable lengths (L r ) were removed from the bottom left corner of the fabricated asymmetric MMI splitters. The various lengths (L r ) were designed for different power splitting ratios [L r 0.4 μm in Fig. 2(a) ]. To characterize these splitters, a tunable CW laser of TE-polarization is butt-coupled into the chip through a tapered lens fiber. The optical images [Figs. 2(b)-2(f)], captured from the output waveguides, confirm the phenomenon observed by simulations that more optical power is output from WG up , while the removed rectangle from the bottom left corner becomes longer. To analyze these power splitting ratios (PSRs, defined as the output power from WG up divided by that from WG bot ) quantitatively, the transmitted power from output waveguides is butt-coupled into an optical spectrum analyzer through a tapered lens fiber. The corresponding spectra of an asymmetric MMI power splitter with L r 0.4 μm is shown in Fig. 2(g) . Due to the reflection of both end facets, the signal-to-noise ratio is degraded by the Fabry-Perot effect. Trend lines [black solid lines in Fig. 2(g) ] are extracted with robust locally weighted regression to suppress noise [21] . To make sure the experimental results are reliable, four identical MMI splitters are fabricated for each group of geometric parameters, and the mean values of their measured results are recognized as the final results.
The relations between the PSR and removed rectangle length (L r ) are shown in Fig. 3(a) , where the measured and simulated results agree quite well. The corresponding multimode region length (L) is plotted in Fig. 3(b) , which is the actual size for simulations and fabrications. The PSR varies from 50:50 to 100:0 while L r increases. At the same time, the first two-fold image shift slightly toward farther position, that is, the length of the multimode region is increasing as shown in the insets of Fig. 3(b) . In all cases, the dimension of the multimode region is in the range of 1.5 × 1.8-2.8 μm, very compact for large-scale integration.
Further experimental results on wavelength dependence of PSR are shown in Fig. 4 . The proportion of optical power output from WG up is increasing slightly toward longer working wavelength, which is caused by the intrinsic wavelength dependence of the MMI effect. The variations of PSR are less than 2% for a wavelength range of 60 nm (1520-1580 nm). According to these measurements, we can conclude that the proposed arbitrary-ratio MMI power splitter is weakly dependent on wavelength.
Benefiting from the weak optical energy distribution in the corner, removing the certain region does not introduce any additional loss. The loss property of the proposed splitter is shown in Fig. 5 , where the experimental results are normalized with respect to the losses of a single mode stripe waveguide [WG ref in Fig. 2(g) ]. All the measured losses are higher than the simulations because the loss induced by the roughness of the waveguide sidewalls is not taken into account in simulations. However, both experimental measurements and numerical simulations indicate that the excess loss of arbitrary-ratio MMI power splitter is comparable to a conventional symmetric MMI splitter (L r 0 nm). It is worth mentioning that reducing the gap between the output ports (W gap ) will allow more optical power in the multimode region transmitted to the output waveguides, that is, even lower excess loss.
Finally, we numerically analyzed the fabrication tolerance of the removed rectangle, whose length (L r ) has been utilized as the control parameter for different PSRs (Fig. 6 ). The derivative in Fig. 6(a) indicates the maximum variation of PSR is only 0.06% per 1 nm change in L r . To analyze the fabrication tolerance further, the removed rectangle width (W r ) is changed by ΔW r while the other structural parameters are fixed. The simulations [ Fig. 6(b) ] show that the PSR variation is less than 3%, while the dimension deviates 20 nm from the selected size. All these results demonstrate that the proposed arbitrary-ratio power splitter has a large fabrication tolerance.
In summary, we demonstrated a novel arbitrary-ratio 1 × 2 power splitter based on asymmetric MMI. The device utilizes a very simple structure to achieve an arbitrary power splitting ratio, in which the asymmetry is introduced by removing a certain size corner from the multimode region. Compared to previously reported solutions, the proposed splitters have an extremely compact size of 1.5 × 1.8-2.8 μm, while the power splitting ratio can be continuously adjusted from 50∶50 to 100∶0. Moreover, the measured loss property of the arbitrary-ratio asymmetric MMI power splitters is similar to the conventional symmetric power splitters, which proves that the new structure does not introduce any additional loss. The experimental results also indicate the splitters are weakly sensitive to wavelength and fabrication imperfections. We demonstrated an arbitrary-ratio 1 × 2 MMI power splitter with a simple and compact structure, while the original advantages of MMI devices are well-kept.
